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Adenylate cyclase exocrine glands carbachol isoproterenol cyclic AMP parotid gland epinephrine secretory function, development Summary Because very little is known regarding the control of enzyme secretion in developing parotid glands, the effects of various secretagogues on cyclic AMP levels and amylase release were studied in rats at various times after birth. In parotid fragments or slices incubated with isoproterenol or epinephrine (40 pM) in vitro, neither cyclic AMP elevation nor amylase release was achieved at 8 days postnatally. In in vivo studies, secretion of amylase at this age was also refractory to stimulation with these hormones or carbamylcholine. In animals older than 15 days, highly significant rise in cyclic AMP content occurred 5 min after exposure of the glands to the catecholamines in vitro, and the magnitude of this elevation was incremental with age. Thus, in 15-day-old animals adrenergic stimulation produced a 2-fold rise in cyclic AMP levels (from 9.3 + 1.0 pmol/mg protein to 20.9 + 4.7, mean + SE); at 25 days the increase was 7-8 times the basal value (from 2.7 & 0.3 to 21.3 + 3.9); and at 8 weeks the rise was 8-fold with epinephrine (from 3.2 + 0.3 to 24.4 + 7.5) and 12-fold after isoproterenol (from 3.2 + 0.3 to 39.2 + 9.2). At these ages, adrenergic stimulation led to a 2-to 3-fold increase in amylase secretion compared to unstimulated control levels. When isoproterenol (16 pg/g body weight) was injected intraperitoneally in intact animals 15 days of age or older cyclic AMP levels 5 min later were increased 2-3 times in 15-and 25-day-old animals (from 13.9 + 4.4 to 49.3 + 3.9 and 31.3 2 4.0, respectively) and >loo-fold in mature animals (1211 + 437). Greater than 40% of the stored amylase was released from the glands in 30 min, a quantity comparable to that found in vitro. The data demonstrate that the responsiveness of the parotid gland to catecholamines is age dependent, and that development of secretory function precedes full morphologic and biochemical development.
Speculation
The identification of a stage in exocrine development when the immature parotid glands are refractory to secretory stimuli represents an important model for the study of stimulus-secretion coupling. The acquisition of mature secretory function may depend upon the relationship between the number of cell surface hormone receptors and acinar maturation.
The parotid gland of the rat is rudimentary at birth, and undergoes remarkable proliferative activity during the first 8 weeks of life ( 3 , 8 , 16, 17) . In this time, morphologic maturation occurs, and the quantity of secretory proteins, particularly amylase and ribonuclease, rises markedly (3) . Previous studies in this laboratory have demonstrated that during this period of development the responsiveness of adenylate cyclase in parotid membranes to catecholamine stimulation also increases dramatically (1 1). Thus, isoproterenol and norepinephrine fail to stimulate elevations in adenylate cyclase activity in membranes prepared from 8-to 13-day-old animals but do so markedly in membranes prepared from animals 15 days old o r older (1 1). In these experiments, no effort was made to relate the age-dependent responses of adenylate cyclase activity to the potential role of cyclic A M P in mediating secretory function; nor was the ability of the parotid glands to respond to hormonal stimulation by release of stored enzymes extensively investigated. Indeed, very little is known about enzyme secretion in developing exocrine glands. Accordingly, the present studies were undertaken to explore the ontogeny of secretory function in the parotid gland in response to hormonal stimulation. The data confirm the presence of a time-dependent developmental change in the sensitivity of the gland to secretory stimuli which precedes full morphologic maturation.
MATERIALS AND METHODS
Methods for the handling of animals and preparation of tissues were sirnilar to those previously published (12, 20) .
ANIMALS AND TISSUE PREPARATION
Animals were obtained from timed pregnancies in albino (Sprague-Dawley-derived) rats (Charles River Laboratories), and were fasted for 8 (8-day-old rats only) or 16 hr before each experiment. Glands were prepared as described previously (20) and were then placed in a petri dish containing freshly gassed Krebs-Ringer bicarbonate buffer at 37O, and further treated as previously described (12, 20) . Glands from 8-day-old animals were minced with a scissors before further incubation; glands from older animals were sliced with a Stadie-Riggs tissue slicer. Minced or sliced tissues were then preincubated for 1 0 min as previously described (20) and rinsed in fresh buffer. Final incubations were performed using 35-75 mg tissue in 5 ml continuously gassed Krebs-Ringer bicarbonate buffer at 37' (20) .
Final concentrations of all pharmacologic additions are indicated in the figures and tables. Concentrations of catecholamines were optimal for stimulation of secretion and increased cyclic A M P levels in mature tissues as verified in previous studies (1 1, 12, 20) . At the end of the incubation period, the medium was removed and frozen for subsequent determination of protein content and amylase activity. The slices remaining in the flask were rapidly transferred to 12-1111 conical centrifuge tubes containing 5 ml of ice-cold 12% trichloroacetic acid (TCA) and tritiated recovery marker for cyclic A M P in the form of 0.8 nCi of 3H-labeled cyclic A M P (38 Ci/mmol) (New England Nuclear Corporation).
When parotid glands were studied in vivo, animals received intraperitoneal injections of pharmacologic agents o r saline (controls) and at various times subsequently were anesthetized and exsanguinated as described above. The doses of drugs used in vivo were calculated to achieve a concentration in total body water similar to that used in vitro, assuming that total body water was equivalent to 6 5 % of body weight. Parotid glands were then quickly excised, trimmed, weighed, and either placed immediately in 5 ml ice-cold 12% T C A containing the recovery marker as described above, or homogenized in 1 0 vol 0.02 M sodium phosphate buffer containing 0.005 M CaCI, and 0.0001M NaCI, and stored at -20' for amylase assay.
In each in vitro experiment, glands from animals were pooled as follows: 8 and 15 days old, 15 rats; 25 days and 8 weeks old, 4 animals. Experiments were timed so that less than 1 min elapsed between death and contact of tissues with TCA.
Extraction of Cyclic Nucleotides. Extracts of tissues were prepared exactly as described previously (20) .
Cyclic Nucleotide Determinations. Cyclic A M P was measured in duplicate by the protein kinase binding method of Gilman (lo), using the kit supplied by Boehringer-Mannheim.
Analytic Methods. Amylase was determined by the method of Bernfeld (6) modified for incubation at 30" instead of 20" as previously described (12, 20) . Protein concentrations in the medium and in solubilized TCA precipitates were measured by the method of Lowry et al. (15) . using crystalline bovine serum albumin as a standard.
Statistics. Statistical analyses of all data were made using a Student's t-test. Values for P of > 0.05 were considered not significant.
RESULTS
A s expected (3, 16) the amylase content of rat parotid glands increased greater than 1000-fold from the eighth day to the eighth week of life (Table 1) .
In 8-day-old rats, exposure of the parotid gland fragments to isoproterenol or epinephrine in vitro failed to produce a rise in cyclic A M P levels (Table 2) . Indeed, there were no statistical differences between the results obtained in control as compared with stimulated tissues. Adrenergic stimulation also failed to effect secretion of amylase at this age. Thirty minutes after exposure to catecholamines, control media contained 0.019 * 0.003 u/mg wet weight, whereas media from glands exposed to isoproterenol or epinephrine (40 p M ) contained 0.020 2 0.001 u/mg wet weight. In order to verify that parotid glands at this age were indeed refractory to secretory stimuli, studies were repeated in vivo (Table 3) . No matter what agent was administered, there was no secretion of amylase or total tissue protein from the glands. Animals receiving larger doses of secretagogues died. In mature animals, in vitro cholinergic stimulation produces secretion of approximately 20% of the amylase stored in the glands (5) .
A s shown in Figures 1 and 2 , the patterns of changes in cyclic AMP levels and amylase secretion in vitro were sirnilar in all animals 15 days old or older. A highly significant rise in cyclic AMP content occurred 5 min after exposure of the gland to the hormones, and the magnitude of this elevation was incremental with age. Thus, in 15-day-old animals adrenergic stimulation produced a 2-fold rise in cyclic AMP levels; at 25 days the increase was 7-8 times the basal value; and at 8 weeks the rise was &fold for epinephrine-stimulated tissue and 12-fold after isoproterenol. Cyclic AMP levels subsequently fell toward baseline values 10 min (15-day-old and &week-old rats) o r 3 0 min (25-day-old rats) after exposure to hormones.
Amylase secretion also occurred (Fig. 2) . In the 15-day-old and 8-week-old animals, stimulation produced an early, continuous 2-to 3-fold increase in release of amylase throughout the duration of the incubation period. Patterns of secretion were similar to those previously described (20) . However, in 25-dayold rats, baseline secretion was always more active than at the other ages studied. Thus, although a significant secretory response to adrenergic agonists was seen at 10 min of incubation, no significant response could be found at 5 min o r 30 min.
Experiments performed in vivo confirmed the in vitro observations. As shown in Figure 3 , 5 min after the intraperitoneal injection of isoproterenol (16 pg/g body weight, 100 p M ) cyclic AMP levels in the parotid glands were markedly elevated, showing a 3-fold rise at 15 days and a 2-fold rise at 25 days, with a striking increase (greater than 100-fold) in mature animals.
Amylase secretion was expressed as the loss of total amylase activity from the glands during the 30-min period following administration of isoproterenol (Fig. 4) . At all ages studied, the responses to isoproterenol stimulation were similar: 30 min after injection of the agonist at least*40% of the amylase content of the glands was released (15-day-old rats, 55%; 25 day old rats, 73%; &week-old rats, 42%).
DISCUSSION
These studies clearly show that the developing parotid glands of the rat exhibit an age-dependent ability to respond to adrenergic stimulation by increasing the generation of intracellular cyclic AMP and the secretion of amylase. These responses are absent in the glands from &day-old animals but present in all animals aged 15 days or older. The data also confirm and extend our previous observations on the responses of parotid membranes to catecholamines in vitro (11) . In those studies, parotid membrane preparations obtained from rats 8-13 days old failed to show significant elevation of adenylate cyclase activity after exposure to norepinephrine o r isoproterenol, whereas membranes from older animals showed an incremental response with advancing age (11) . In the present studies, maturation of the parotid glands was marked by a striking increase in the quantity of cyclic AMP produced as a result of catecholamine stimulation and in the functional capacity of the glands as reflected in amylase release.
This age-dependent increase in responsiveness to hormonal stimulation actually precedes the complete morphologic and biochemical development of the parotid gland (3, 8, 16) . Although development of secretory activity could depend merely on an increase in the number of functioning acini, a time-dependent increase in the number of hormone receptors, o r in their sensitivity, could explain the incremental responses found in this study. The development of adrenergic receptors during differentiation has not been investigated in the parotid gland, and it is not known whether receptors present in the mature acinar cell (4) are always intrinsic components of the cell membrane or whether their appearance is time dependent. In the human ileum it has been possible to identify the separate development of a-and p-receptors, the p-receptors appearing to mature earlier (13) . A similar, time-dependent acquisition of hormone receptor sites has been demonstrated recently in developing mouse cardiac muscle (19) .
Similarly, in studies of secretory function in developing pancreas, other workers (1, 14) have shown an incremental response to carbamylcholine stimulation from fetal day 1 3 to the third day of life. In their experiments and others (7), however, ontogeny of receptors was not studied; and no such data are yet available for the parotid gland.
Phosphodiesterases were not studied in the present experiments. Age-dependent changes in the activity of phosphodisterases could account for the differences in basal cyclic A M P levels which occurred with maturation. However, even if this were true, there was no effect on the generation of cyclic A M P in response to catecholamines (Figs. 1 and 3) . Similarly, in previous studies, we have shown that there is no residual phosphodiesterase activity in parotid membranes prepared from rats of any age, and the resistance of the glands to adrenergic stimulation at 8 days is also expressed by the membrane preparations (1 1). Figure 1 .
The patterns of in vitro amylase release in the mature glands in the present study (and, indeed, at 15 and 25 days of age) are comparable to those previously published by us and by others (2, 11, 12, 20) . The major discrepancy is the higher basal secretory rates found in glands from 25-day-old animals compared with 8-week-old animals. Although these rates did not totally obscure the effects of epinephrine and isoproterenol, the increase in secretion was statistically significant only at 1 0 min (Fig. 2) . That this secretory response is not due to high endogenous concentrations of cyclic A M P in the unstimulated glands in documented by the data in Figures 1 and 3 and by the fact that levels of adenylate cyclase in unstimulated glands d o not change with age (1 1).
The functional significance of the delay in development of secretory activity in the parotid gland has been studied recently in suckling rats (9) . When the submandibular glands are ablated before the 10th day of life,the animals are unable to nurse and die of malnutrition. If the glands are removed after day 13, nursing is not impaired, and the improved survival of these older rats correlates very closely with the functional maturation of the parotid gland demonstrated in the present study.
Precocious maturation of the parotid gland can be achieved with isoproterenol (1.5 mglday) administered during the first 4 days of life (8, 18) . The mechanism by which this effect is produced has not been identified. It is unlikely to be dependent upon cyclic AMP, however, since, as shown in the present study, levels of this nucleotide d o not rise at this age in response to isoproterenol, nor does the activity of adenylate cyclase change (1 1). Whatever the mechanism, secretory responses to adrenergic stimulation in the parotid gland mature in advance of complete morphologic maturation, and the present data suggest that the generation of cyclic AMP is an important regulatory process.
CONCLUSION
Parotid secretory function was investigated during postnatal development in rat. Glands obtained from &day-old animals were refractory to adrenergic and cholinergic stimulation and failed to increase intracellular levels of cyclic A M P o r to secrete amylase. In older animals, adrenergic stimulation produced early and dramatic elevations in cyclic A M P levels which preceded vigorous amylase secretion. The data show that the responsiveness of the parotid gland to secretory stimuli is agedependent, and that development of secretory function precedes full morphologic and biochemical development.
